ABSTRACT
INTRODUCTION

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation (NIBS) technique that
modulates spontaneous cortical activity using a low-intensity direct current (e.g. 1-2mA) [1] . First studies evaluated tDCS effects over the motor cortex [2, 3] ; although more recent research has also focused on its effects over the dorsolateral prefrontal cortex (DLPFC), particularly to treat psychiatric disorders [4] and to modulate cognitive performance [5] [6] [7] [8] . These cognitive results can be useful to predict treatment outcome. For instance, a study in patients with major depression disorder suggested that the effects of repetitive transcranial magnetic stimulation (rTMS), another NIBS technique, on attentional control predicted the antidepressant response [9] .
Nonetheless, although some studies showed that tDCS over the DLPFC is able to improve cognitive performance in both healthy and neuropsychiatric samples [10, 11] , recent meta-analyses revealed that the results are mixed -e.g., one study found that tDCS improves reaction time (RT) but not accuracy [12] in the n-back task [13] ; whereas Hill et al. observed only modest benefits of tDCS on cognition following a single-session or repeated-sessions of anodal tDCS [14] . Importantly, in both meta-analyses the data were not analyzed separately for healthy participants and neuropsychiatric patients. However, another meta-analysis by Horvath et al. in healthy samples only, claimed that there is no evidence of cognitive effects of single-session anodal tDCS [15] .
Possibly, these heterogeneous findings are associated to the diversity of stimulation parameters applied, such as stimulation polarity, position of reference electrode, session duration, current intensity and density, and the use of "offline" vs. "online" protocols [1] . There is an urgent need to better investigate whether these parameters influence on tDCS effects [16, 17] . Therefore, we aimed to evaluate DLPFC-tDCS effects on cognition considering several methodological parameters that might influence the outcomes. We performed an exploratory review and meta-analysis of tDCS studies using single-session, sham-controlled within-subject designs that evaluate the effects of DLPFC stimulation on cognitive outcomes in healthy participants and neuropsychiatric patients. Because the intrapersonal variation is smaller in crossover as compared to parallel trials [18] , only within-subject studies were included as this type of design has an increased power to detect small effects. Such approach also decreases overall meta-analysis heterogeneity. The study importance is to identify parameters particularly related to tDCS cognitive outcomes in order to design further, and more efficient, studies.
From each study, we extracted data of sample characteristics, study design, tDCS treatment characteristics and cognitive task characteristics. The cognitive tasks were categorized in: (1) memory [21] , (2) attention [22] , and (3) executive functioning [23] . For the cognitive outcomes, we extracted the mean and the corresponding standard deviation of the RT, and the percentage of correct responses (e.g. accuracy; ACC) posttDCS (baseline cognitive outcome measures and error percentages were excluded from analysis, see suppl.
material). Finally, data on perceived blinding and adverse effects were extracted.
Quantitative analysis
Stata software version 12 was used to perform all analyses (Statacorp, TX, USA). Anodal and cathodal trials were analyzed separately; i.e., we estimated the effect size for each trial that compared the effects of anodal and sham tDCS, and cathodal and sham tDCS on the cognitive outcomes. To this end, we calculated the standardized mean difference (SMD) and the pooled standard deviation for each comparison. Cohen's d was used as measure of effect size (ES). Subsequently, the effect sizes were pooled using a random-effects model, weighted by the inverse variance method. To answer our research question, the ES was then plotted against each specific stimulation parameter of interest using meta-regression techniques. The Chi-square test was used to assess heterogeneity for each outcome. Egger's test was used to assess risk of publication bias. Regardless of whether the main effect of tDCS on cognition is significant or not, univariate meta-regression was used to assess heterogeneity and identify moderators influencing these results. The following variables were meta-regressed: stimulation intensity (continuous), density (continuous), density charge (continuous), stimulation duration (continuous), reference montage (cephalic vs. extra-cephalic), laterality (left vs. right DLPFC stimulation), and timing of tDCS (online vs. offline). Only one variable was meta-regressed at a time. Furthermore, for each of these variables in which the univariate result was significant (p<0.05), a multivariate meta-regression was performed including the variables age (continuous), clinical condition (healthy vs. psychiatric patients), gender (% females) and type of task (memory, attention or executive functioning).
RESULTS
Overview
We obtained 3119 references on Science Direct, Web of Science, Google Scholar and PubMed.
However, 3018 studies were excluded after title and abstract review for reasons described earlier (cf. methods, eligibility criteria). Following a full-text evaluation, due to ineligibility, another 40 references were further excluded (for an overview, see Suppl. Table 1 ). In sum, 61 studies were included in the review (Fig. 1) .
However, some studies reported more than one experiment (e.g. different samples), while many studies reported more than one comparison (e.g. diverse outcome facets). Therefore, each experiment/comparison was considered a different dataset (total amount of trials, n=233; anodal tDCS studies, n=188 trials; cathodal tDCS studies, n=45 trials; Table 1 ).
Fig. 1
Flow-chart of electronic database search strategy Table 1 . Characteristics of Studies Included in the Meta-Analysis. For each study included in the meta-analysis, the sample and the tDCS montage are described. (1) tDCS montage: electrode configuration (anode / cathode), current density (mA/cm²), duration of tDCS stimulation (in minutes, min.). (2) Sample: condition, number of participants (active / sham), proportion of females, age mean (M) and standard deviation (SD). The outcome measure is provided, as well as whether the task was administered online (during tDCS) or offline (following tDCS). 
Quality assessment
In summary, the procedures that were used for including and excluding subjects, and for randomization, counterbalancing, sham stimulation, and sham blinding suggest overall good quality of the studies (For a Risk of bias graph according to Cochrane recommendations, see Fig. 2 , for a detailed quality assessment description, see suppl. material). Univariate meta-regression analyses showed no significant effect of the technical stimulation parameters on the effects of a-tDCS and c-tDCS on response times (Table 2) . Therefore, no additional multivariate meta-regressions were performed (see suppl. material for means, standard deviations and ranges of technical stimulation parameters and clinical variables).
Fig. 2 Risk of Bias Graph according to Cochrane Recommendations
Main results across all included studies.
Main results for RT trials
Main results for ACC trials
Two important significant outliers were excluded as they presented large, positive effect sizes (Knechtel 
Univariate and multivariate meta-regressions for ACC trials
Univariate meta-regression analyses showed a direct association of stimulation current (p<0.05), current density (p<0.01), and density charge (p<0.01) on the effects of a-tDCS on accuracy (Table 2) . However, univariate meta-regression analyses suggested no important influence of the technical stimulation parameters on c-tDCS results (Table 2) .
Additional multivariate meta-regressions revealed, only, a direct influence of gender (% female) and study sample (neuropsychiatric vs. healthy) on the effects of stimulation current, density, and density charge on post-tDCS accuracy rates (Table 3) . Because univariate meta-regressions showed no significant effect of the other stimulation parameters (Table 2) , no multivariate meta-regressions were performed for these variables. Table 3 . Results of additional multivariate meta-regressions for accuracy trials in anodal tDCS research.
RT -Anodal tDCS ACC -Anodal tDCS RT -Cathodal tDCS ACC -Cathodal tDCS
Coefficient (SE), t-values and p-values are provided. The coefficient represents the regression coefficient of each regression. Significant results are marked in bold
As the analyses showed that the influence of stimulation parameters (i.e. stimulation current, density, and density charge) on a-tDCS effects on accuracy was significantly moderated by the 'condition' (i.e. healthy vs. neuropsychiatric patients) to which participants belong, two new meta-analyses were performed for healthy participants and neuropsychiatric patients separately. Because the studies in neuropsychiatric patients only investigated the effects of a-tDCS on cognition, and not c-tDCS, the separate group analyses reported on a-tDCS trials only. The results for c-tDCS trials in healthy participants were equal to those of the main analyses.
Main results in healthy samples
Results for RT trials
For anodal tDCS effects on RTs (N=102), Cohen's d was -0.10 (95% CI -0.16 to -0.04, p<0.01; Fig.   4a ). Overall, healthy participants were faster in responding after anodal vs. sham non-invasive brain stimulation.
No significant heterogeneity was observed (I²=0%; χ²(101)=6, p=0.98). Univariate meta-regression analyses showed no significant effect of the technical stimulation parameters on the effects of a-tDCS on response times (Table 4) .
Main results for ACC trials
For anodal tDCS effects on ACC (N=131) we observed a Cohen's d of 0.04 (95% CI -0.02 to 0.11, p=0.19, Fig. 4b ; significant heterogeneity, I²=24%; χ²(130)=1, p<0.01), i.e. a-tDCS did not significantly influence accuracy rates in healthy volunteers. However, univariate analyses showed a trend towards a significant influence of current density (p=0.054), and density charge (p=0.059) on the effects of a-tDCS on accuracy (Table 4) . Additional multivariate meta-regressions showed that there was indeed a significant influence of current density (p<0.05) and density charge (p<0.01) on accuracy rates following a-tDCS, which was moderated by gender (i.e. % Female) ( Table 5) . Fig. 5a ).
Overall, participants tended to respond faster after anodal vs. sham non-invasive brain stimulation, although this effect was non-significant. No significant heterogeneity was observed (I²=0%; χ²(21)=4, p>0.05). Univariate meta-regression analyses showed no significant effect of the technical stimulation parameters on the effects of atDCS on response times (Table 6 ). 
Results for ACC trials
For anodal tDCS effects on ACC (N=30) we observed a Cohen's d of 0.22 (95% CI 0.04 to 0.40, p<0.05, Fig. 5b ; significant heterogeneity, I²=45.20%; χ²(29)=5, p<0.01), i.e. participants responded more accurately following active anodal tDCS compared to sham stimulation. Univariate meta-regressions showed a significant influence of whether the cognitive task was performed during (online) or following (offline) stimulation (p<0.01) on the effects of a-tDCS on accuracy (Table 6 ). Additional multivariate meta-regressions demonstrated that the clinical variables age, % female, and task type did not influence the outcome (Table 7) . Table 6 . Results of additional univariate meta-regressions for anodal tDCS trials in neuropsychiatric patients. Task Type -0.08 0.14 -0.58 0.57 Table 7 . Results of additional multivariate meta-regressions for accuracy trials in anodal tDCS research in 
DISCUSSION
In this meta-analysis, 61 single-session, sham-controlled, cross-over DLPFC tDCS studies were included. Quality assessment revealed that studies were of acceptable quality and publication bias, according to the Egger's test was low. Over all participants across all trials, analyses revealed a small, significant effect of atDCS (but not c-tDCS) on improving RTs and accuracy in cognitive tasks: in general, participants responded faster and more accurate after active stimulation. Stimulation parameters (stimulation current, density and density charge) were only predictive of task accuracy, but not RTs after a-tDCS. Importantly however, metaregression analyses showed that these parameter effects were dependent on the condition (i.e. healthy vs.
neuropsychiatric sample) and on gender (i.e. stronger increase in accuracy following a-tDCS in females).
Therefore, subsequent meta-analyses were performed separately for healthy participants and neuropsychiatric patients, and revealed sample-specific influences of stimulation parameters on a-tDCS modulated cognition.
These sample-specific findings will be discussed in more detail.
Healthy participants
In line with previous meta-analyses, we found that healthy participants responded significantly faster [12] on cognitive tasks following single-session DLPFC a-tDCS, but not more accurately. However, other metaanalyses showed a trend for increased accuracy [14] , or showed no effect of a-tDCS on cognition [15] . Some methodological differences might explain these discrepant findings. For instance, different study inclusion criteria were used: data from healthy participants and neuropsychiatric patients were either analyzed together [12, 14] , or for healthy participants separately [15] ; some included single-session tDCS studies only [12, 15] , while others also included repeated-session tDCS studies [14] ; some included within-subject tDCS studies only [15] , while others also included between-subject tDCS studies [12, 14] ; and some only included working memory (WM) tasks [12, 13] , while others evaluated tDCS effects on various cognitive outcomes [15] . Lastly, these DLPFC tDCS meta-analyses predominantly evaluated studies using highly heterogeneous stimulation parameters, without making distinctions between them.
Univariate meta-regressions showed that current density (i.e. current/electrode surface area; mA/cm²; M(SD)=0.04(0.02), range 0.02-0.08) and density charge (i.e. (current density)*(session duration); (A*s)/Cm² = C/cm²; M(SD)=0.05(0.03), range 0.01-0.15; see [83] ), influenced a-tDCS effects on cognition: higher current densities/charges lead to stronger a-tDCS effects on accuracy, which is partly in line with Hill et al. [14] .
However, Hill et al. investigated the possible effects of only two stimulation parameters (density and duration) in a pooled sample of studies including healthy volunteers and psychiatric patients. In this pooled sample, the atDCS effect on accuracy was indeed modulated by current density although sample characteristics (healthy vs.
neuropsychiatric) may have influenced these results. Moreover, the investigators only evaluated tDCS effects on WM tasks (i.e. n-back, Sternberg, digit-span), thereby limiting the number of included studies (N=16). Lastly, Hill et al. did not control for participants' characteristics (e.g. age, gender), which might limit interpretation of their findings [14] . In general, studies in healthy participants have shown mixed findings regarding the effects of current intensity [72] , which can be explained by our results.
Additional multivariate meta-regressions revealed that gender moderated the effects of stimulation dose (i.e. current density and density charge) on post-a-tDCS accuracy. More specifically, the higher the percentage of females included in the trials, the stronger the effect sizes. This finding could be explained by sex differences in the anatomical location of the DLPFC [84] and in cognitive task performance and associated brain activation patterns (e.g. women take a more 'top-down' cognitive strategy than men, relying more heavily on higher-order frontal regions, which is enhanced by DLPFC tDCS) [85] ; or, most plausibly, hormonal differences affecting brain stimulation induced changes in cortical excitability between women and men [86] [87] [88] , as demonstrated previously in studies investigating the effects of rTMS on cortical excitability [89, 90] . However, the finding that gender influences the effects of stimulation dose on a-tDCS efficacy for accuracy rates should be interpreted with caution, as our meta-analysis is based on aggregate, and not individual patient data [91, 92] .
For c-tDCS, no effects on cognition were observed in healthy samples, which is in line with previous meta-analyses [12, 93] . Moreover, stimulation parameters did not influence c-tDCS effects on cognition.
However, only a small number of trials investigated the effect of c-tDCS on accuracy and/or RT. As no main effects of c-tDCS on cognition were found, it could be suggested that although the polarity-dependent effects of tDCS (i.e. a-tDCS increases vs. c-tDCS decreases cortical excitability) might occur in motor cortical studies, it might not occur in prefrontal cortex studies. Indeed, the "inhibitory" cathodal tDCS effects over a tertiary associative cortical area (DLPFC) might be different than a the effects over a primary cortical region (M1) [93] .
Alternatively, the effects of c-tDCS on cognition are suggested to be non-linear with possible reversed effects of c-tDCS on motor cortical excitability when applying more intense stimulation currents (e.g. motor cortical inhibition following 1mA c-tDCS vs. cortical excitation following 2mA c-tDCS) [94] , which can lead to heterogeneous results. Thus, increasing stimulation dose in c-tDCS studies might not exert the expected effects of increasing cortical inhibition.
Neuropsychiatric patients
Compared to healthy participants, neuropsychiatric patients showed a different pattern of cognitive improvement following single-session tDCS, namely increased accuracy and only a trend for faster responding following a-tDCS. Although previous meta-analyses show contrasting findings -i.e. faster responding [12] and a trend for increased accuracy following a-tDCS [14] , the results of our meta-analysis and these studies cannot be entirely compared as these studies evaluated the effects of tDCS on cognition in a combined sample of healthy participants and neuropsychiatric patients.
Univariate meta-regressions showed that stimulation dose (i.e. current, density, density charge) did not affect post-a-tDCS accuracy or response time. This result contradicts previous findings where 2mA tDCS was more effective than 1mA tDCS in improving cognition in patients with Parkinson´s disease [29] or schizophrenia [45] and suggests that other stimulation parameters play a role. Indeed, in line with Hill et al., we found a small effect of the timing of task performance (i.e. online vs. offline; 10 trials vs. 20 trials respectively) [14] : patients responded more accurate on cognitive tasks performed during a-tDCS (online), than on tasks performed following a-tDCS (offline). This effect was not moderated by age, gender or task type, as shown by additional multivariate meta-regressions. Conceivably, modulating neural membrane excitability in specific neural regions through tDCS, simultaneous with performance of a cognitive task engaging equal neural networks, might lead to a synergistic effect in comparison to a task performance following the stimulation.
The effects of cathodal tDCS on cognition in neuropsychiatric samples were not investigated as no such study was included in our review. Therefore, the possible influence of stimulation parameters on c-tDCS effects on accuracy and response time in neuropsychiatric patients could not be evaluated.
Other tDCS technical parameters could theoretically, also impact the prefrontal tDCS effects on cognition. For instance, an extra-cephalic reference electrode (vs. cephalic) can theoretically alter current flow and thus possibly the efficacy of the active electrode [95] . However, this variable did not influence our results in either of the populations; possibly because this effect might be counter-balanced due to an increased distance between the scalp electrode and the reference electrode [96, 97] . We also examined whether laterality of the stimulation target (i.e. left vs. right DLPFC) influenced tDCS effects on cognition, considering lateralization of some cognitive functions to the left or the right hemisphere [98] . However, this variable did not influence our results in either healthy participants or neuropsychiatric patients.
Limitations and implications for future research
A study limitation is the significant heterogeneity that was observed in the trials. For meta-analytic purposes, we had to collapse "neuropsychiatric disorders" in one category and, although classified in three distinct categories (i.e. memory, attention, executive functioning), highly variable cognitive tasks were analyzed simultaneously. However, this was handled by performing a random-effects model analysis that takes into account this heterogeneity. Furthermore, multivariate meta-regressions revealed no significant influence of task type on the a-tDCS effects on accuracy. Also, the studies included in this meta-analysis had small sample sizes, possible reducing the power of the analysis. Finally, parameters such as current density and density charge should be investigated further, since a trial in which a density of 1mA/35cm² is used for 20min might not be comparable to a trial using 2mA/35cm² for 10min, even though both trials used the same density charge.
However, it is presumable that both the current density and duration are interactively determining the effects of prefrontal tDCS on cognition as the current density charge influenced tDCS effects.
In spite of these limitations, we demonstrated that increasing the administered stimulation dose (i.e. density or density charge) modestly enhances the accuracy rate following a-tDCS in healthy participants, especially for women. Notably, we did not find a significant main effect of a-tDCS on accuracy in these participants. In contrast, task performance during tDCS (online) leads to stronger effects in post-a-tDCS accuracy in neuropsychiatric patients, compared to task completion following a-tDCS (offline). Interestingly, in neuropsychiatric patients, increasing the stimulation dose did not affect post-a-tDCS cognitive outcomes. Lastly, c-tDCS does not seem to impact cognition in prefrontal tDCS studies in healthy participants, and stimulation parameters do not seem to affect these c-tDCS effects on cognition.
Future research should therefore assess how an increased stimulation dose can be reached, without increasing discomfort and/or adverse effects. With increased stimulation doses, a-tDCS could then possibly influence accuracy significantly in healthy participants, and more specifically in females. Given our results, it seems more plausible to increase the density charge (C/cm²), rather than merely increasing the current density (i.e. higher current intensity, smaller electrodes), by increasing stimulation duration as well. Importantly, higher current intensities are associated more with discomfort, adverse effects and study blinding breaking [99] . Some methods could be used to mitigate these issues, such as topical anesthetics [100] and ketoprofen [101] as well as customized electrode sponges and gear. Furthermore, present studies apply current charges well below the safety threshold. Liebetanz et al. showed, in rats, that the dose responsible for inducing lesions was 5.24C/cm² [102] . In comparison, the highest density charge in our dataset was 0.15C/cm². Moreover, in the study by Liebetanz et al.,
the investigators had to remove the skin of the rats' scalp in order to fix the electrode directly to the skull.
Therefore, safe doses in humans may be even higher [102] . Lastly, our results suggest that changing stimulation parameter settings will not influence the effects of cathodal tDCS on cognition. Therefore, further exploration of the neurophysiological mechanisms underlying this lack of c-tDCS effects on neurocognitive plasticity is recommended.
CONCLUSIONS
The importance of this meta-analytic review lies in the demonstration that for anodal tDCS, the administration of higher current doses (density and density charge) results in higher accuracy percentages on cognitive tasks in healthy participants, although these effects are modest and more pronounced in women.
Therefore, we advise future research in healthy samples to focus on evaluating the effects of tDCS administered at higher doses, preferably higher density charges. In contrast, completing the cognitive task during tDCS (online), compared to following tDCS (offline) is suggested to lead to increased accuracy percentages on cognitive tasks following anodal tDCS in neuropsychiatric patients. Thus, in clinical single-session tDCS settings, an online task protocol might be preferred over an offline task protocol. 
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HIGHLIGHTS
 We meta-analyzed 233 within-subject experiments investigating the effect of single-session DLPFC tDCS on cognitive outcomes.
 No main effects of cathodal tDCS on reaction time, nor response accuracy were found.
 No effects of stimulation parameters on cathodal tDCS effects on cognition were found.
 Anodal tDCS significantly decreased response time in healthy participants, and increased response accuracy in neuropsychiatric patients.
 In healthy participants, increased current densities/charges are associated to increased a-tDCS effects on response accuracy.
 In neuropsychiatric patients, online task performance is associated to increased a-tDCS effects on accuracy, compared to offline task performance.
SUPPLEMENTARY MATERIAL
Data Extraction
However, not many trials measure error percentages (N = 44; 18.88% of the trials). Therefore, we did not perform a meta-analysis on this data. Furthermore, we analyzed post-tDCS data, as most studies did not evaluate cognitive data at baseline (i.e. before the tDCS session; N = 16/61 studies; N = 65/233 trials; 27.89% of the trials reported baseline data).
Quality Assessment
Quality assessment showed that in 14 reports there was a random allocation of subjects to the different stimulation conditions, while in 27 studies stimulation conditions were counterbalanced across subjects. In the remainder of the studies, randomization as well as counterbalancing was used. In only 6/61 studies there was a low risk of allocation concealment bias as almost all studies did not report if and how concealment took place. In most studies, sham stimulation was performed by turning off the electric current shortly after stimulation onset. The length of the active period of stimulation during the sham session differed between studies, ranging from 5 seconds [1, 2] up to 2 minutes and 45 seconds [3] [4] [5] . However, in 3 studies tDCS was given with a placebo stimulator [6] [7] [8] , while in 1 study, the stimulator was turned off for the entire session [9] . Regarding blinding, 47 out of the 61 studies were single-blinded. The other 14 studies used a double-blind design. The time period in between the active stimulation session and the sham stimulation session ranged from 3.5 minutes [9] to two weeks [10] .
The risk of incomplete outcome data and selective outcome reporting were generally low across studies. To date, researchers investigating the effects of tDCS are advised to evaluate the occurrence of adverse effects as well [11, 12] . However, only 35 of the 61 studies included in this review (i.e.
57.38%) report having evaluated side effects or adverse effects (i.e. either in the article or upon request). Most studies only included right-handed participants. Other exclusion criteria were more diverse. Clinical samples of the included studies were on a stable dose [5, [13] [14] [15] [16] [17] or did not take psychiatric medication [18, 19] . Psychiatric interviews and/or questionnaires were used to screen patients. 
